Diluted magnetic semiconductor and cluster dominated structure of CoFe-doped ZnO films have been systematically investigated by bias-dependent impedance spectroscopy. The complex impedance spectroscopy of 5 mol % CoFe-doped ZnO film can be fitted by an equivalent circuit employing two sets of parallel resistance ͑R͒ and capacitance ͑C͒ components in series, representing the oxide grain and grain boundary contribution, respectively. For 10 mol % CoFe-doped ZnO film, a third RC component together with a single resistance element, which are likely due to the presence of metal clusters and metal-oxide interface, have to be taken into account to fit the impedance spectroscopy. By applying a dc bias of 0 ϳ 1.5 V, the relaxation contribution from different structural origin can be clearly identified. The bias-dependent impedance spectroscopy demonstrates significant sensitivity to the formation of CoFe clusters in ZnO. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2058211͔ Diluted magnetic semiconductors ͑DMSs͒ have been of much interest and extensively studied since the theoretical investigations of room temperature ͑RT͒ ferromagnetism in transition-metal ͑TM͒ doped oxides and semiconductors. In particular, II-VI-based magnetic semiconductors such as TM-doped ZnO has been investigated as a promising DMS for implementing spintronic and opto-spintronic device.
Diluted magnetic semiconductors ͑DMSs͒ have been of much interest and extensively studied since the theoretical investigations of room temperature ͑RT͒ ferromagnetism in transition-metal ͑TM͒ doped oxides and semiconductors. In particular, II-VI-based magnetic semiconductors such as TM-doped ZnO has been investigated as a promising DMS for implementing spintronic and opto-spintronic device. [1] [2] [3] A key work to realize a good DMS structure is to suppress the formation of magnetic clusters. It is noted that the magnetic clusters in host materials are often difficult to detect by structural measurement such as x-ray diffraction because of the size of the clusters being down to nanometer or even subnanometer scale. Transmission electron microscopy ͑TEM͒ and x-ray absorption fine structure ͑XAFS͒ are the more persuasive techniques, [4] [5] [6] but they are time-consuming or require synchrotron radiation light source. Techniques such as temperature-dependent transport behavior and magnetization measurements have also been employed to study the formation of magnetic clusters in doped oxides and semiconductors. 7, 8 However, the origin of ferromagnetism in these materials remains a very controversial topic.
The impedance spectroscopy, the frequency response of the electrical properties, can provide evidence to identify relaxation mechanisms due to grains, grain boundaries, or macroscopic heterogeneities by equivalent circuit analysis. [9] [10] [11] In this Letter, we demonstrate that the biasdependent impedance spectroscopy is a sensitive technique to distinguish a DMS dominated structure from a clustering phase. Samples with clustering phase show contributions from clusters and metal-oxide interfaces. This technique opens a new and simple route to identify the formation of metal clusters doped in host oxides.
CoFe ͑5 mol % ͒ and CoFe ͑10 mol % ͒-doped ZnO films of about 500 Å were prepared by ion-beam sputtering from two separate targets. The samples were grown on sapphire ͑0001͒ substrates at room temperature. The magnetic properties were probed by a commercial superconducting quantum interference device ͑SQUID͒. Figure 1 displays the magnetic hysteresis loops at 300 K for the CoFe ͑5%͒-and CoFe ͑10%͒-doped ZnO films. Although both samples yield similar RT ferromagnetism by SQUID and bulk structure by x-ray diffraction ͑not shown here͒, they show distinct complex impedance spectra owing to distinct microstructure as described in the following.
The complex impedance spectroscopy was carried out by Hewlett Packard 4294 A impedance analyzer using twopoint contact in a frequency range from 500 Hz to 110 MHz with a fixed oscillating voltage 500 mV under dc bias voltage V dc from 0 to 1.5 V. The real and imaginary parts of complex impedance, Z͑f͒ = R͑f͒ + iX͑f͒, as a function of frequency for the 5% and 10% doped samples are shown in Fig.  2͑a͒ . For both samples, the real part of the complex impedance initially remain almost at a certain constant, follows by a down step in the frequency range of 10 4 to 10 7 Hz. In contrast, the imaginary part of the impedance shows a characteristic peak at a frequency of about 10 5 Hz. This characteristic peak shifts toward lower frequency as the CoFe doping concentration increased from 5% to 10%. The variation of the characteristic peak of X͑f͒ is attributed to different type of electrical relaxation as discussed below. Figure 2͑b͒ shows the Cole-Cole plot, i.e., −X͑f͒ versus R͑f͒, of the CoFe 5% and 10% doped samples in normalized log-log scale. For comparison, we show the Cole-Cole plot in linear scale in the inset of Fig. 2͑b͒ . For the CoFe ͑5%͒ doped sample, the characteristic slope of 0.5 in log scale ͓Fig. 2͑b͔͒ in the low frequency regime corresponds to the curvature a semicircle in linear scale ͓inset of Fig. 2͑b͔͒ , which obeys single grainboundary relaxation mechanism. 12 In contrast, for the CoFe ͑10%͒ doped sample, the corresponding characteristic slope is about 0.7 ͓Fig. 2͑b͔͒, implying that more than one grainboundary-like relaxation mechanism appears in this case. The results provide an insight into the modeling of electrical relaxation mechanism of the two samples, which in turn reveal the variation of their micro-structural origins even though they display similar magnetic hysteresis loops and bulk structure.
The equivalent circuit composed of resistance ͑R͒ and capacitance ͑C͒ elements has been utilized in analysis of the measured ac impedance spectra. For the CoFe ͑5%͒-doped ZnO sample, two sets of parallel RC components in series ͓as illustrated in Fig. 3͑a͔͒ , have been employed to model the complex impedance spectra
where R ogb and C ogb represent the resistance and capacitance of the oxide grain boundary contribution dominated in the low frequency regime, and R og and C og represent the oxide grain interior contribution dominated in the high frequency regime, respectively. The solid curve in Fig. 3͑a͒ is obtained by the best fit ͓i.e., superposition of the two dash curves in Fig. 3͑a͒ from Eq. ͑1͔͒ of the experimental data, which reveals good agreement of the theoretical model with the impedance spectrum.
In contrast, Eq. ͑1͒ fails to fit the impedance spectra data for the CoFe ͑10%͒-doped ZnO sample unless a third set of parallel RC element in the low frequency regime together with a single resistance element are also taken into account, as illustrated in Fig. 3͑b͒ . Indeed, the single resistance ͑R mg ͒ element indicates the formation of CoFe clusters and the third RC component ͑R mo and C mo ͒ suggests the existence of another interfacial electrical effect, likely resulting from the interfaces between the metal clusters and the host oxide. Therefore, an equivalent circuit model for the 10% doped sample can be expressed as
where R mg stands for metallic grain resistance and R mo and C mo represent the RC contribution from metal cluster-oxide interfaces, respectively. It is noticed that R mg ͑in the order of 10 1 -10 2 ⍀͒ is smaller compared with R mo , R ogb and R og ͑in the order of 10 3 -10 4 ⍀͒. Thus, R mg contributes much less to the overall of complex impedance. In addition, the relaxation time ͑ =RC͒ is an intrinsic characteristic property of the materials and is independent of the sample geometry. Owing to the distinct RC contributions, the oxide grain, oxide grain boundary, and metal-oxide interface show different relaxation time constants. Hence, the contribution from various RC components can be clearly identified by frequencydependent impedance spectroscopy. For convenience of the readers, the values of the fitting time constants for the CoFe 5% and 10% doped samples are summarized in Table I .
It is expected that the grain interior exhibit faster relaxation behavior than grain boundary for semiconducting materials such as zinc oxide. For CoFe 5% and 10% doped ZnO films, the time constants due to oxide grain og are in the order of 10 −13 -10 −12 sec, as fitted by the above equivalent circuit models. Another mechanism with relatively slower relaxation is attributed to the presence of oxide grain boundary. For both samples, the time constants due to oxide grain boundary ogb are in the order of 1 ϫ 10 −9 sec. The assignment of the oxide grain interior and oxide grain boundary contribution is consistent with the "brick-layer" model for polycrystals. 13 The third electrical process appears in CoFe 10% doped sample with slowest relaxation ͑ mo ϳ 4 ϫ 10 −9 sec͒ is likely associated with metal cluster-oxide contacts. To explore and identify possible relaxation mechanisms, an additional dc bias voltage ͑V dc ͒ has been adopted to measure the impedance spectra.
Excellent agreement of the equivalent circuit models and experiments has been confirmed with V dc from 0 to 1.5 V. For example, Fig. 4͑a͒ shows the bias dependent impedance spectra for the CoFe 10% doped sample. The results can be well described by Eq. ͑2͒, as illustrated by the solid curves in Fig. 4͑a͒ . For clarity, the R and C fitting parameters are plotted as a function of V dc , as shown in Figs. 4͑b͒ and 4͑c͒ , respectively. In contrast to the invariance of R og contributed by the oxide grain interior, both R ogb and R mo decrease with increasing V dc . This is reasonable because the oxide grain boundary and metal-oxide interfaces generally contain some defects, which in turn result in the trap states of carriers. The trap states can provide conducting channels when carriers are injected from an electrode. The decrease of R ogb and R mo with increasing V dc can be related to the increase of conducting channels because of the provision of more injected carriers. On the other hand, C og and C ogb remain almost unchanged with the increase of V dc , while C mo decreases monotonically with increasing V dc from 0 to 1.5 V. The independence of C og and C ogb on V dc suggests that the oxide grain and grain boundary still effectively act as simple capacitors in spite of the increase of injected carriers by additional dc bias. In contrast, the decrease of C mo with increasing V dc implies the existence of depletion-region-like Schottky barriers in metal cluster-oxide interfaces, due likely to the interfacial polarization effect.
Similar RC-V dc behavior using the Eq. ͑1͒ has also been obtained for the 5% doped sample. The appearance of R mo and C mo for the 10% doped sample confirms the formation of Schottky barriers caused by metallic cluster-oxide interfaces which is, however, absent for the 5% doped sample. The results are also in good agreement with the XAFS measurements to correlate the radial distribution functions with the presence of any magnetic clusters. For the 10% doped sample, the average size of the clusters is about 1 nm, as estimated from the fitting of magnetization-temperature curve.
14 The bias-dependent impedance spectroscopy, therefore, demonstrates significant sensitivity to the formation of CoFe clusters in ZnO. We conclude that this technique can be applied to inspect the formation of metallic clusters in transition metal doped oxide or semiconductor systems. 
